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Available online 29 June 2016Wheat (Triticum aestivum L.) lines T1, T4, and T6 were genetically modified to increase glycine
betaine (GB) synthesis by introduction of the BADH (betaine aldehyde dehydrogenase, BADH)
gene from mountain spinach (Atriplex hortensis L.). These transgenic lines and WT of wheat
(T. aestivum L.) were used to study the effect of increased GB synthesis on wheat tolerance to
salt stress. Salt stress due to 200 mmol L−1NaCl impaired the photosynthesis of the fourwheat
lines, as indicated by declines in net photosynthetic rate (Pn), stomatal conductance (Gs),
maximumphotochemical efficiency of PSII (Fv/Fm), and actual photochemical efficiency of PSII
(ФPSII) and an increase in intercellular CO2 concentration (Ci). In comparison with WT, the
effect of salinity on the three transgenic lines was mild. Salt stress caused disadvantageous
changes in lipids and their fatty acid compositions in the thylakoid membrane of the
transgenic lines and WT. Under salt stress, the three transgenic lines showed slightly higher
chlorophyll and carotenoid contents and higher Hill reaction activities and Ca2+-ATPase
activity than WT. All the results suggest that overaccumulation of GB resulting from
introduction of the BADH gene can enhance the salt tolerance of transgenic plants, especially
in the protection of the components and function of thylakoid membranes, thereby making
photosynthesis better. Changes in lipids and fatty acid compositions in the thylakoid
membrane may be involved in the increased salt stress tolerance of the transgenic lines.
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2 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X X1. IntroductionCrops in their natural habitats are frequently exposed
to various environmental stresses, such as salinity, drought,
and high temperature, and have developed mechanisms
that allow them to withstand stresses. One such mecha-
nism involves the accumulation of compatible solutes,
which are defined as water-soluble organic compounds of
low molecular mass that are nontoxic at high concentration
[1].
Glycine betaine (GB) is regarded as one of the most
effective compatible solutes. It has been reported that GB
protects cells from stresses by maintaining an osmotic balance
with the surrounding environment [2] and by stabilizing the
quaternary structures of complex proteins, such as antioxidant
enzymes and the oxygen-evolving PSII complex [3]. Some
studies indicate that GB plays an important role in enhancing
plant tolerance to drought and heat stress [4,5]. However, to
date, there have been few reports confirming that GB can
protect wheat plants against salt stress by overaccumulation
of GB.
To cope with the major ecological problem of excess salt in
soil, efforts have been undertaken to enhance the salt tolerance
of economically important crops by genetic engineering
approaches. Wheat can accumulate GB naturally, like spinach
and beet, but the GB level in vivo is too low to bring about
adequate osmotic adjustment under stress conditions. Trans-
genic wheat with BADH (betaine aldehyde dehydrogenase,
BADH) cDNA can overcome this deficiency. The gene encoding
BADH catalyzes the transformation of betaine aldehyde (BA)
into GB and has an essential role in the synthesis of GB.
However, it has been reported that GB-synthesizing transgenic
plants can accumulate GB at levels lower than natural
accumulators, but still confer tolerance to various abiotic
stresses [6].
As the foundation of crop growth and yield, photo-
synthesis is one of the most important metabolic processes.
The maintenance of high photosynthetic activity is thus a key
factor in maintaining crop yield under stress. The photo-
synthetic activity of the chloroplast is one of the most
stress-sensitive physiological processes. Stress damages the
thylakoid membrane, disturbs its functions, and ultimately
decreases photosynthesis and crop yield [7,8]. The function of
the thylakoid membrane is based on fluidity and integrality,
properties determined by its composition of lipids, membrane
proteins, pigments, ions, and other biological substances.
Stress can cause changes in the fluidity and composition of
membranes [9].
Our previous experiments suggested that the expression
of an exogenous BADH gene in the transgenic wheat
lines T1, T4, and T6 resulted in GB levels significantly
higher than that of the WT. GB at these levels enhanced
the salt tolerance of transgenic plants by regulating ion
homeostasis, enhancing osmotic adjustment (OA), and
scavenging reactive oxygen species (ROS) [10]. In the
present study, we investigated the effect of increased GB
content on photosynthetic parameters, pigment contents
and lipid composition of transgenic wheat lines under salt
stress.Please cite this article as: F. Tian, et al., Overaccumulationof glycine
in wheat under salt stress, The Crop Journal (2016), http://dx.doi.o2. Materials and methods
2.1. Plant materials
Seeds of three transgenic lines (T1, T4, and T6) and WT of
wheat (Triticum aestivum L.) were kindly provided by the
Institute of Genetics and Developmental Biology of the
Chinese Academy of Sciences, China. Transgenic wheat lines
overexpressing BADH, encoding betaine aldehyde dehydroge-
nase (BADH), were designated as T1, T4, and T6 and generated
by introduction, by microprojectile bombardment, of a pABH9
plasmidencoding the BADH gene cloned fromAtriplex hortensis L.
[11] under the control of a maize ubiquitin promoter and a bar
gene.
2.2. Wheat seedling incubation and salt stress (SS) treatments
Wheat seeds sterilized with 0.2% sodium hypochlorite for
5 min were germinated for 24 h on filter papers moistened
with water. The germinating seeds were grown on nylon
gauze of an appropriate density and cultured in trays
(25 cm × 18 cm × 5 cm) with water. The germinating seeds
were then cultured in an incubator with a photosynthetic
photon flux density of 150 μmol m−2 s−1, constant tempera-
ture (25 °C), 75%–80% relative humidity (RH), and a photope-
riod of 12/12 h light/dark cycle. After 10 days, the seedlings
with one expanded and one expanding leaf were subjected to
NaCl treatments. To avoid salt shock, the plants were
initially subjected to low NaCl concentration (50 mmol L−1)
for two days through the roots. After the second day, treat-
ment concentrations were increased by 50 mmol L−1 per day
until a final concentration of 200 mmol L−1 was reached. After
two and four days of treatment with 200 mmol L−1 NaCl
(corresponding to seven and nine days since first exposure to
salt stress), the first expanded leaves of the seedlings were
harvested.
2.3. Determination of gas exchange parameters
Net photosynthetic rate (Pn), stomatal conductance (Gs),
and intercellular CO2 concentration (Ci) were measured with
an open-system infrared gas analyzer (IRGA) (CIRAS-1,
Hertfordshire, UK) between 10:00 and 12:00 a.m., at 360 μg g−1
CO2 concentration and 21% O2 concentration, irradiance of
approximately 1200 μmol m−2 s−1, 80% RH, and 24–30 °C
temperature. The measurements of these photosynthetic
parameters lasted approximately 10 min, during which no
significant recoverywas observed. Readingswere taken directly
from the instrument.
2.4. Determination of chlorophyll fluorescence parameters
Determinations of initial fluorescence in the dark (Fo),
maximum fluorescence in the dark (Fm), and variable fluores-
cence in the dark (Fv) were performed with a pulse modulated
fluorescencemonitoring system (FMS-2, Hansatech, UK) using
a modified procedure originally from Ma et al. [12] Maximum
photochemical efficiency of PSII (Fv/Fm) was calculated as
Fv/Fm = (Fm − Fo)/Fm.betainemakes the function of the thylakoidmembrane better
rg/10.1016/j.cj.2016.05.008
3T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X X2.5. Determination of chlorophyll and carotenoid contents
Photosynthetic pigments were extracted from 0.05 g of fresh
leaves in 10 mL of 80% aqueous acetone. The homogenate was
filtered and 1 mL of the suspension was diluted by addition of
2 mL of acetone. The contents of chlorophyll a (Chl a),
chlorophyll b (Chl b), and carotenoid were determined with a
spectrophotometer (U-2001 Hitachi, Japan) for 3 wavelengths
(663.2, 646.8, and 470.0 nm). The concentrations of pigments
(mg g−1 FW) were calculated as previously described by
Lichtenthaler [13].
2.6. Determinations of Hill reaction activity and Ca2+-ATPase
activity
Chloroplasts were prepared and Hill reaction activity was
determined following the modified procedure of Ye and Qian
[14]. Ca2+-ATPase activity was determined following coupling
factor activation by trypsinase according to Huang [15].
Chloroplast suspension (1 mL) was added to 1 mL of a
medium containing 250 mmol L−1 tricine (pH 8.0), 20 mmol L−1
ethylenediamine tetraacetic acid (EDTA), 10 mmol L−1 ATP, and
2 mg mL−1 trypsin, and incubated at 20 °C for 10 min. Then,
0.1 mL bovine serum albumin (10 mg L−1) was added to the
mixture to terminate the reaction. Next, 0.5 mL of the incubated
chloroplast suspension was added to 0.5 mL of the reaction
mixture containing 500 mmol L−1 tricine (pH 8.0), 10 mmol L−1
ATP, and 50 mmol L−1 CaCl2. The mixture was incubated at
37 °C for 10 min and centrifuged at 3000×g for 1 min. Finally,
ferrous sulfate ammonium molybdate was added to theFig. 1 – Phenotypes (A, B) and plant weight (C, D) in leaves of wil
glycine betaine overaccumulation (T1, T4, T6) under normal wate
four days. All values are means ± SE (n = 4). ** and * indicate sign
P < 0.05, respectively.
Please cite this article as: F. Tian, et al., Overaccumulationof glycine
in wheat under salt stress, The Crop Journal (2016), http://dx.doi.oresulting supernatant, which was used for determination of
inorganic phosphorus by absorbance at 660 nm.
2.7. Extraction and analysis of polar lipids of the thylakoid
membrane
The polar lipidsmonogalactosyl diacylglycerol (MGDG), digalac-
tosyl diacylglycerol (DGDG), sulfoquinovosyl diacylglycerol
(SQDG), phosphatidylcholine (PC), and phosphatidylglycerol
(PG) were extracted from the thylakoid membrane pellet with
a chloroform:methanol (2:1, v/v) mixture and then separated by
two-dimensional thin-layer chromatography (TLC) following
themodifiedmethod of Droppa et al. [16]. The first dimension of
TLC employed acetone:benzene:water (91:30:8, v/v/v) and the
second employed chloroform:methanol:ammonia (130:70:10,
v/v/v). The polar lipids were scraped into the corresponding
glass tube. Then benzene:petroleum ether (1:1, v/v) was added
and the combined extracts were esterified with 0.4 mol L−1
NaOH for 15 min. Lipid spots were detected by brief exposure to
I2 vapor. For quantitative analysis, individual lipids were
separated by TLC, scraped from the plates, and used to prepare
fatty acid methyl esters. These were determined by gas
chromatography (GC-9A, Shimadzu, Japan) using methyl-
esterified arachidic acid as an internal standard. The conditions
were as follows: capillary column 2 m × 3 mm, Chromosorb
W-AW(DWCS) 80–100 mesh, solid phase 15% diethylene
glycol succinate (DEGS), column temperature 190 °C, detector
temperature 290 °C, pneumatophore pure N2 with flow
velocity 100 cm min−1. Quantification was performed by
normalization using the processing software of the apparatus.d-type Shi4185 (WT) and three transgenic wheat lines with
r conditions and salt stress (200 mmol L−1 NaCl) after two and
ificant differences in comparison with WT at P < 0.01 and
betainemakes the function of the thylakoidmembrane better
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4 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XThe unsaturation index of fatty acids (UI) in the polar lipidswas
calculated as UI = 18:1% + (18:2 × 2)% + (18:3 × 3)% [8].
2.8. Statistical analysis
Data analyses were performed using SPSS (16.0, SPSS Inc.,
USA) software. For all analyses, the level of significance was
set at P < 0.01.Fig. 2 – Net photosynthetic rate (Pn) (A), stomatal conductance (G
wild-type Shi4185 (WT) and three transgenic wheat lines with g
water conditions and salt stress (200 mmol L−1 NaCl) after two an
significant differences in comparison with WT at P < 0.01 and P
Please cite this article as: F. Tian, et al., Overaccumulationof glycine
in wheat under salt stress, The Crop Journal (2016), http://dx.doi.o3. Results
In our previous study, the GB contents in the leaves of three
transgenic wheat (T. aestivum L.) lines T1, T4, and T6 were
between 35 and 42 mmol L−1, levels greater than those in WT
plants under both normal and salt stress conditions [10]. The
activity of BADHwashigher in transgenicwheat lines than inWTs) (B), intercellular CO2 concentration (Ci) (C) in leaves of
lycine betaine overaccumulation (T1, T4, T6) under normal
d four days. All values are means ± SE (n = 4). ** and * indicate
< 0.05, respectively.
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5T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X X[11]. The following results show the functions of photosynthesis
and thylakoid membranes by overaccumulation of GB were
better in the transgenic wheat lines than inWT under salt stress.
3.1. Growth of transgenic lines and WT under salt stress
Fig. 1 shows the effects of salt stress on wheat growth and the
increase in height of wheat seedlings resulting from
overaccumulation of GB. Salt stress inhibited the growth of
both transgenic and WT wheat seedlings, but the inhibition
was milder in the three transgenic lines than in WT (Fig. 1).
For instance, two days after salt stress treatment, the
inhibitions of T1, T4, T6, and WT were 11.9%, 13.9%, 9.4%,
and 14.0%, respectively (Fig. 1-A, C). Four days after salt stress
treatment, the inhibitions of T1, T4, T6, and WT were 14.3%,
16.1%, 10.2%, and 17.8%, respectively (Fig. 1-B, D).
3.2. Photosynthetic parameters
Net photosynthetic rate (Pn) of the WT and the three
transgenic lines was significantly decreased by salt stress,
and the decrease was greater in WT than in the transgenic
lines (Fig. 2-A). After salt stress for two and four days, the Pn
of WT decreased by 57.8% and 82.9%, respectively, compared
to plants watered with only water. In contrast, the Pn in T6Fig. 3 – Chlorophyll (A) and carotenoid contents (B) in leaves of w
glycine betaine overaccumulation (T1, T4, T6) under normal wate
four days. All values are means ± SE (n = 4). ** and * indicate sign
P < 0.05, respectively.
Please cite this article as: F. Tian, et al., Overaccumulationof glycine
in wheat under salt stress, The Crop Journal (2016), http://dx.doi.owas reduced by only 45.8% and 67.9%, respectively (Fig. 2-A). A
similar trend was observed for stomatal conductance (Gs)
(Fig. 2-B). Intercellular CO2 concentration (Ci), increased in WT
and in the three transgenic lines (Fig. 2-C), but the increase
was greater in WT than in the transgenic lines.
3.3. Chlorophyll and carotenoid contents
Salt stress decreased chlorophyll and carotenoid contents in
wheat leaves with increasing duration of salt stress (Fig. 3-A).
Chlorophyll contents declined slightly but not significantly
after two days of treatment time in all lines. After four days,
chlorophyll content of WT declined by 21.5%, significantly
more than in the transgenic lines (T1, T4, andT6: 7.4%, 0.2%, and
8.7%, respectively). After four days of stress, the carotenoid
contents of WT declined by 17.2%, more than in the transgenic
lines (T1, T4, and T6: 14.3%, 5.6%, and 4.7%, respectively)
(Fig. 3-B).
3.4. Chlorophyll fluorescence parameters
Salt stress increased Fo in the transgenic plants and WT,
but the increase of Fo in WT was more pronounced than
that in transgenic plants (P < 0.05) (Fig. 4-A). Under normal
water and salt stress conditions, no significant differenceild-type Shi4185 (WT) and three transgenic wheat lines with
r conditions and salt stress (200 mmol L−1 NaCl) after two and
ificant differences in comparison with WT at P < 0.01 and
betainemakes the function of the thylakoidmembrane better
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6 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xin Fv/Fm values, especially after two days of salt stress,
between the transgenic plants and WT was observed
(Fig. 4-B). But after four days of salt treatment, values of
Fv/Fm were higher in the transgenic lines than inWT.ФPSII was
decreased inWTand the three transgenic lines after twodays of
salt stress (Fig. 4-C), and even more after four days of salt
treatment, but this decrease of ФPSII was less in the transgenic
lines than inWT.Fig. 4 – Chlorophyll fluorescence parameters Fo (A), Fv/Fm (B), and
transgenic wheat lines with glycine betaine overaccumulation (T
(200 mmol L−1 NaCl) after two and four days. All values are mea
comparison with WT at P < 0.01 and P < 0.05, respectively.
Please cite this article as: F. Tian, et al., Overaccumulationof glycine
in wheat under salt stress, The Crop Journal (2016), http://dx.doi.o3.5. Hill reaction and chloroplast Ca2+-ATPase activities
Hill reaction activity increased after two days of salt stress in all
wheat lines (Fig. 5-A). In WT it increased by 6.3%, whereas in
the transgenic lines (T1, T4, and T6) the increase was more
pronounced (22.9%, 15.2%, and 18.7%, respectively). However, after
four days of salt treatment, Hill reaction activity ofWT declined by
19.3%. The decrease was less in the transgenic lines than inWT.ФPSII (C) in leaves of wild-type Shi4185 (WT) and three
1, T4, T6) under normal water conditions and salt stress
ns ± SE (n = 4). ** and * indicate significant differences in
betainemakes the function of the thylakoidmembrane better
rg/10.1016/j.cj.2016.05.008
Fig. 5 – Hill reaction activity (A) and chloroplast Ca2+-ATPase activity (B) in leaves of wild-type Shi4185 (WT) and three
transgenic wheat lines with glycine betaine overaccumulation (T1, T4, T6) under normal water conditions and salt stress
(200 mmol L−1 NaCl) after two and four days. All values are means ± SE (n = 4). ** and * indicate significant differences in
comparison with WT at P < 0.01 and P < 0.05, respectively.
7T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XCa2+-ATPase activity showed no significant difference after
two days of stress in all wheat lines (Fig. 5-B). After four days
of salt stress, however, the Ca2+-ATPase activities of all wheat
lines decreased, with the strongest decrease found in WT
(Fig. 5-B), a tendency similar to that observed for Hill reaction
activity (Fig. 5-A).
3.6. Fatty acid composition in the thylakoid membrane
Five classes of lipids and six fatty acids were detected in the
thylakoidmembraneofWTand transgenicwheat leaves (Table 1).
The results suggested that the main fatty acid in MGDG and
DGDGwas 18:3 and those inSQDG, PG, andPC16:0, 18:2, and18:3.
However, a high proportion of 16:1 (3 t) was also found in PG.
The UIs of SQDG, PG and PCwere increased in the transgenic
lines, but they were decreased in WT under salt stress for four
days (Table 1). However, the UI of the MGDG was significantly
increased inWT, but decreased in the transgenic lines after salt
treatment. The UI of the DGDG increased under salt stress in
both WT and the transgenic lines, but the increase was more
evident inT1andT6 than inWT.All changes inUI corresponded
to changes in the relative contents of the 18:3 fatty acids.
PG is particularly important for maintaining the structure
and function of the thylakoid membrane [17]. The relative
content of 16:1 (3 t) in the PG was also interesting, given that itPlease cite this article as: F. Tian, et al., Overaccumulationof glycine
in wheat under salt stress, The Crop Journal (2016), http://dx.doi.oshowed very low levels in WT (2.2%) in comparison with T4
(19.2%) and T6 (22.3%). After salt stress, 16:1 (3 t) in the PG
showed undetectable values in WT (0%), while in T4 and T6,
there was a slight decrease (16.2%, 18.4%). The relative content
of 16:1 (3 t) in the PG in T1 was 11.5%, and there was a slight
increase in T1 (15.8%) after salt stress.4. Discussion
Salts naturally affect a myriad of cellular activities, primarily
because they disturb water and ion homeostasis of the cell
[18]. The typical function of GB may effectively alleviate that
effect [12]. In our previous study, we confirmed that introduc-
ing the BADH gene into wheat resulted in an increase of salt
tolerance by regulating ion homeostasis, enhancing OA, and
scavenging ROS [10]. The differing response to salt stress in
transgenic lines T1, T4, and T6 is associated with the
expression level of the exogenous BADH gene in these
transgenic lines [11]. In the present study, salt stress
decreased the Pn of all wheat plants, but higher Pn was
observed in the transgenic lines than that in WT (Fig. 2-A),
suggesting that photosynthetic activities were improved by
overaccumulation of GB in wheat plants. One of the important
factors that resulted in the decrease of Pn was the decrease ofbetainemakes the function of the thylakoidmembrane better
rg/10.1016/j.cj.2016.05.008
Table 1 – Fatty acid composition of the thylakoidmembrane in leaves of wild-type Shi4185 (WT) and three transgenic wheat
lines with glycine betaine overaccumulation (T1, T4, and T6) under normal water conditions (CK) and salt stress (SS,
200 mmol L−1 NaCl) for four days.
Lipid Treatment IUFA
Fatty acid composition (mol%)
16:0 16:1 (3 t) 18:0 18:1 18:2 18:3
MGDG WT-CK 270.8 ± 9.3 b 0.2 ± 0.04 b 0 0 b 0 b 2.7 ± 0.7 a 88.5 ± 4.1 b
WT-SS 276.2 ± 8.6 a 0.9 ± 0.1 a 0 0.1 ± 0.02 a 0.5 ± 0.02 a 0.6 ± 0.04 b 91.5 ± 2.6a
T1-CK 273.6 ± 7.2 a 0.8 ± 0.1 b 0 0 b 0.4 ± 0.01 a 2.2 ± 0.1 a 89.6 ± 5.3 a
T1-SS 268.4 ± 8.4 ab 4.2 ± 1.0 a 0 0.4 ± 0.01 a 0 b 0.2 ± 0.01 b 89.3 ± 4.0 ab
T4-CK 279.5 ± 7.2 a 0.2 ± 0.02 a 0 0 0.4 ± 0.02 a 1.7 ± 0.2 b 91.9 ± 5.1 a
T4-SS 275.3 ± 7.3 ab 0.2 ± 0.02 a 0 0 0.3 ± 0.02 b 2.4 ± 0.3 a 90.1 ± 2.3 ab
T6-CK 268.3 ± 7.4 a 0.5 ± 0.1 a 0.1 ± 0.01 a 0 0.3 ± 0.01 b 1.4 ± 0.1 a 88.4 ± 4.5 a
T6-SS 251.4 ± 6.9 b 0.3 ± 0.03 b 0 b 0 12.5 ± 0.5 a 1.3 ± 0.1 ab 78.8 ± 5.2 b
DGDG WT-CK 257.2 ± 4.2 ab 6.0 ± 0.3 a 0 0.4 ± 0.05 a 0.6 ± 0.06 a 1.6 ± 0.7 a 84.5 ± 3.6 ab
WT-SS 261.2 ± 7.3 a 5.9 ± 0.2 a 0 0 b 0.6 ± 0.1 a 1.3 ± 0.6 b 86.0 ± 4.3 a
T1-CK 248.7 ± 4.3 b 7.1 ± 1.1 a 0 b 0.5 ± 0.06 a 1.6 ± 0.06 a 2.5 ± 0.3 a 81.1 ± 4.2 b
T1-SS 259.3 ± 7.8 a 6.8 ± 1.5 ab 0.4 ± 0.02 a 0.2 ± 0.02 b 0.6 ± 0.05 b 1.5 ± 0.1 b 85.2 ± 3.5 a
T4-CK 251.4 ± 10.2 a 6.5 ± 0.4 a 0 1.7 ± 0.3 a 0.7 ± 0.06 a 0.7 ± 0.1 b 83.1 ± 3.7 a
T4-SS 253.0 ± 11.4 a 5.1 ± 0.3 b 0 0.3 ± 0.04 b 0.5 ± 0.02 b 9.6 ± 0.6 a 77.7 ± 2.3 b
T6-CK 238.7 ± 9.2 b 5.7 ± 0.4 a 0 0.4 ± 0.02 b 0.7 ± 0.01 a 10.9 ± 0.6 a 72.1 ± 4.5 b
T6-SS 253.9 ± 7.8 a 4.2 ± 0.2 b 0 5.0 ± 0.6a 0.4 ± 0.04b 2.8 ± 0.7 b 82.7 ± 2.4 a
SQDG WT-CK 168.7 ± 6.7 a 15.6 ± 1.1 b 0.42 ± 0.06 a 0 1.0 ± 0.02 b 0.7 ± 0.1 b 55.4 ± 2.6 a
WT-SS 168.1 ± 6.8 a 20.4 ± 1.5 a 0 b 0 2.0 ± 0.3 a 2.5 ± 1.2 a 53.7 ± 1.7 ab
T1-CK 124.7 ± 7.2 b 21.4 ± 1.0 a 0 2.7 ± 0.2 a 24.6 ± 1.2 a 7.0 ± 0.5 b 28.7 ± 1.2 b
T1-SS 162.5 ± 6.8 a 13.3 ± 0.9 b 0 0b 19.1 ± 1.1 b 8.7 ± 0.7 a 42.0 ± 1.8 a
T4-CK 150.7 ± 5.4 b 23.0 ± 1.1 a 0 4.0 ± 0.3 a 0 b 9.4 ± 0.8 a 43.7 ± 3.2 b
T4-SS 175.9 ± 7.8 a 19.1 ± 1.0 b 0 0.3 ± 0.03 b 1.0 ± 0.1 a 8.3 ± 0.5 b 52.8 ± 3.6 a
T6-CK 151.8 ± 6.7 b 18.1 ± 1.0 a 0.38 ± 0.05 a 5.2 ± 0.7 b 0 b 13.6 ± 0.9 a 41.5 ± 3.1 b
T6-SS 165.7 ± 6.7 a 14.2 ± 1.2 b 0 b 6.7 ± 0.4 a 0.3 ± 0.03 a 10.6 ± 1.2 b 48.1 ± 2.0 a
PG WT-CK 179.7 ± 5.6 a 22.2 ± 1.4 b 2.2 ± 0.4 a 0 b 0 b 23.1 ± 1.1 a 44.5 ± 3.0 a
WT-SS 163.0 ± 6.0 b 30.6 ± 2.0 a 0 b 3.9 ± 0.7 a 3.1 ± 0.2 a 16.5 ± 1.2 b 42.3 ± 2.3 b
T1-CK 156.4 ± 5.6 a 24.2 ± 1.1 a 11.5 ± 1.1 b 0 b 1.2 ± 0.1 a 14.3 ± 1.1 a 42.2 ± 1.2 ab
T1-SS 150.4 ± 6.0 b 13.5 ± 0.9 b 15.8 ± 0.8 a 13.9 ± 0.9 a 0.7 ± 0.1 b 9.4 ± 1.1 b 43.6 ± 2.0 a
T4-CK 116.1 ± 5.6 b 30.0 ± 1.7 a 19.2 ± 0.9 a 0.4 ± 0.03 a 3.8 ± 0.1 a 6.0 ± 0.5 a 33.4 ± 1.2 b
T4-SS 139.3 ± 6.3 a 28.3 ± 1.3 b 16.2 ± 0.8 b 0.1 ± 0.01 b 2.3 ± 0.2 b 3.0 ± 0.4 b 43.7 ± 2.0 a
T6-CK 114.1 ± 5.7 b 35.8 ± 2.1 a 22.3 ± 2.1 a 0 b 0 b 12.1 ± 1.3 a 21.7 ± 2.1 b
T6-SS 130.0 ± 6.4 a 20.9 ± 1.7 b 18.4 ± 1.5 b 11.6 ± 1.0 a 0.4 ± 0.01 a 7.8 ± 1.0 b 35.1 ± 2.3 a
PC WT-CK 158.3 ± 7.4 a 20.3 ± 1.1 a 0 b 0 8.9 ± 0.6 a 28.3 ± 2.2 a 31.0 ± 1.7 b
WT-SS 145.5 ± 5.4 b 21.5 ± 1.6 ab 0.23 ± 0.03 a 0 5.6 ± 0.9 b 19.2 ± 1.6 b 33.8 ± 1.2 a
T1-CK 192.7 ± 6.4 ab 17.3 ± 1.2 b 0 0.2 ± 0.01 a 1.4 ± 0.2 a 23.9 ± 1.7 a 47.8 ± 1.8 b
T1-SS 198.1 ± 5.6 a 20.3 ± 1.4 a 0 0 b 0 b 5.9 ± 0.7 b 62.1 ± 1.7 a
T4-CK 178.9 ± 4.3 ab 19.4 ± 1.5 a 0 0.6 ± 0.07 a 1.1 ± 0.1 b 16.0 ± 1.0 a 48.6 ± 2.0 ab
T4-SS 181.3 ± 7.8 a 21.4 ± 1.7 ab 0 0.3 ± 0.02 b 3.1 ± 0.3 a 13.2 ± 0.8 b 50.6 ± 2.3 a
T6-CK 139.3 ± 6.0 b 20.7 ± 1.1 b 0 0 b 0b 34.5 ± 2.0 a 20.1 ± 1.3 b
T6-SS 145.0 ± 4.5 a 28.6 ± 2.0 a 0 0.4 ± 0.03 a 4.6 ± 0.4 a 3.3 ± 0.4 b 44.6 ± 2.6 a
The abbreviation for fatty acid is denoted by ratios indicating number of carbons:number of unsaturated bonds. The 3 t of 16:1 (3 t) denotes a
trans double-bond at the third carbon. The mean ± standard deviation of four replicates is shown. Bars with different letters indicate significant
difference at P < 0.05 between CK and SS of one wheat line in a treatment point.
8 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XGs (Fig. 2-B) under salt stress, with the transgenic wheat lines
showing higher Gs than WT. However, the Ci of all the wheat
lines was increased, although the Gs was decreased under salt
stress, with less increase in the transgenic lines. These results
suggest that salt stress decreased Pn of wheat leaves owing
primarily to non-stomatal limitations.
Ohnishi and Murata [19] reported that salt stress inhibited
repair of photodamagedPSII in the cyanobacteriumSynechococcus
sp., while GB reversed this inhibitory effect. In the same
species, Allakherdiev et al. [20] reported that salt stress caused
mainly ionic stress and that an increase in Na+ and Cl−
concentrations in the cytosol led to an irreversible inactivation
of the oxygen-evolving complex of PSII in cyanobacteria. Photo-
synthetic pigments occur in light-harvesting chlorophyll–proteinPlease cite this article as: F. Tian, et al., Overaccumulationof glycine
in wheat under salt stress, The Crop Journal (2016), http://dx.doi.ocomplexes (LHCII) in the thylakoid membrane [21]. Chlorophyll
contents are closely associated with LHCII stability, which may
contribute to the maintenance of grana stacks. Our results
indicated that salt stress decreased the chlorophyll contents
(Fig. 2). The decreased content of Chl may be associated with
impaired biosynthesis of Chl and/or chloroplast development/
structure under salt stress [22]. GB overaccumulation could
protect chlorophyll from degradation or protect chlorophyll
biosynthesis from impairment.
PSII is one of the major protein complexes in the thylakoid
membrane. Salt stress decreased the actual photochemical
efficiency of PSII (ФPSII) (Fig. 4), but the increased Fo indicated
the damage by inactivation of the PSII reaction centers [23].
The accumulation of GB in the transgenic wheat lines maybetainemakes the function of the thylakoidmembrane better
rg/10.1016/j.cj.2016.05.008
9T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xhave alleviated the damage. Similar results were observed in
the Hill reaction activity, occurring in the oxygen-evolving
complex (OEC) of PSII (Fig. 5-A). These results suggested that
GB may protect the PSII reaction centers and OEC. The results
of Ca2+-ATPase activity measurement (Fig. 5-B) also suggested
the protective effect of protein complexes in the thylakoid
membrane conferred by overaccumulation of GB. These
findings are consistent with the results of previous study
[20]. High levels of GB may improve the function of macro-
molecules in the thylakoid membrane by protecting the
structure of protein complexes directly, owing to its amphi-
pathic nature, given that GB interactswith both hydrophilic and
hydrophobic domains ofmacromolecules such as enzymes and
protein complexes [4].
GB might improve the membrane fluidity by changing the
lipid and fatty acids composition in the thylakoid membrane
[24] under stress conditions. Stress can cause changes in
the fluidity and composition of membranes, followed by the
formation of non-bilayer lipid structures [25]. Changes in
the membrane composition and properties represent an impor-
tant factor in adaptation to high salt concentration [26].
Membrane lipids are important for controllingmembrane fluidity
and phase, which are affected by changes in lipid composition.
MGDG has characteristics that allow it to form non-bilayer lipid
structures [27], in which the relative content of 18:3 in the MGDG
plays an important role and thus does not contribute to the
stability of the membrane. Our results showed that the relative
content of 18:3 in the MGDG inWT increased significantly under
salt stress. In contrast, overaccumulation of GB promoted a
decrease in the relative content of 18:3 in theMGDG in transgenic
lines. This decrease could reduce the formation of non-bilayer
lipid structures, indicating an adjustmentmechanism associated
with overaccumulation of GB (Table 1).
The acidic/anionic thylakoid phospholipid PG is crucial
for chloroplast structure and function [18], being closely
associated with both the formation and function of the photo-
synthetic apparatus and especially the PSII structure [28]. In
WT, in which photosynthesis decrease wasmore evident, 16:1
(3 t) in the PG was very low under normal water conditions
and too low to be detected after salt stress (Table 1). Given that
the function of protein complexes in the thylakoid membrane
is influenced by the lipid matrix [29], the higher relative
content of 16:1 (3 t) in the PG of the transgenic lines may be of
crucial importance for maintaining chloroplast function.
In conclusion, our results demonstrate that photosynthetic
apparatus and thylakoid membrane functions were impaired by
salt stress. Overaccumulation of GB alleviated that impairment,
probablyviaprotectionandstabilizationof theprotein complexes
and changes in the lipid composition of the thylakoidmembrane,
which resulted in the improvement of photosynthesis under salt
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